Case study on aggregate interlock capacity for the shear assessment of cracked reinforced-concrete bridge cross sections Lantsoght, Eva; van A 55-year-old bridge showed large cracking in the approach bridge due to restraint of 7 deformation and support settlement. After repair, it was uncertain at which crack width the traffic 8 loads on the bridge should be further restricted. The shear capacity was calculated by counting 9 on the aggregate interlock capacity of a supposedly fully cracked cross-section. An aggregate 10 interlock relation between shear capacity and crack width based on an unreinforced section was 11 used to find the maximum allowable crack width. Limits for crack widths at which load 12 restrictions should be imposed were found. The large structural capacity of the cracked concrete 13 section shows that the residual bearing resistance based on the aggregate interlock capacity of 14 reinforced concrete slab bridges with existing cracks is higher than expected. This expected 15 capacity could be calculated with the inclined cracking load from the code provisions. The 16 procedure outlined in this paper can thus be used for the shear assessment of fully cracked cross-17 sections of reinforced concrete bridges. 18 19
reinforcement is only 18% of the longitudinal reinforcement for the top bars, which is less than 1 the recommended value of minimum 20%. 2
In the bridge part OPQRS flexural cracks as well as through cracks over the entire depth 3 are observed (Fig. 4) . A typical flexural crack as occurs in a reinforced concrete structure is 4 shown in Figure 4a . The type of crack which runs through the complete cross-section, caused by 5 axial tension, is shown in Figure 4b and c. For identical top and bottom reinforcement and for 6 uniform axial tension, the crack width will be constant over the depth of the deck (Fig. 4b) . The 7 cracks through the deck observed in the bridge OPQRS are estimated to be as shown in Figure 4c  8 because the amount of top reinforcement (support reinforcement) is larger than the amount of 9 bottom reinforcement. The type of crack from Figure 4c can also be caused by a combination of 10 bending moment and axial tension, where the largest crack width corresponds to the side of the 11 cross-section with the largest tensile stresses. For the considered case, however, the effect of 12 axial tension is considered to be dominant. Unfortunately, the crack width can only be measured 13 at the bottom side of the deck because the wearing surface obstructs the inspection of the crack 14 width at the top face of the cross-section. When the bottom reinforcement has yielded but the top 15 reinforcement has not yielded yet, the measured crack width at the bottom side of the deck will 16 be considerably larger than the crack width at the top of the deck. The latter crack width then has 17 to be calculated. Upon yielding of the reinforcement, dowel action can also lead to a relative 18 vertical displacement of the crack faces. In the case of significant yielding of the reinforcement, 19 it is thus recommended to remove the asphalt layer and measure the crack width at the top of the 20 cross-section as well. 21 In span PQ, a crack caused by the combination of restraint of deformation due to rusted 22 steel bearings and the traffic load was observed at 1.3 m from girder P (Fig. 2a) and in span RQ a 23 -8-similar crack was observed at 1 to 1.3 m from girder R (Fig. 2a) . At the positions where cores 1 had been drilled out of the slab, a maximum crack width of 0.7 mm was measured (Table 1) . It 2 was observed that the crack ran along the aggregates; therefore, the aggregate interlock capacity 3 was safeguarded. 4 5 Repair actions and current situation 6 The cracks have been injected with epoxy and the support was jacked back to its original 7 elevation, which resulted in a stable situation in the cracked reinforced concrete deck. The traffic 8 over the bridge is restricted to pedestrians, bikes, cars and buses. Heavy trucks are not allowed. 9
A monitoring program, consisting of measuring the cracks every 4 weeks and regular visual 10 inspection of the bridge, is in place. Replacement of the bridge is scheduled for the near future. 11
12

Aggregate interlock 13
What is aggregate interlock? 14
Aggregate interlock is one of the shear resisting mechanisms of structural concrete. 15 Because the strength of the hardened cement paste in most concretes is lower than the strength of 16 the aggregate particles, cracks intersect the cement paste along the edges of the aggregate 17 particles. So the aggregate particles, extending from one of the crack faces, "interlock" with the 18 opposite face and resist shear displacements (Walraven 1980 ). The aggregate interlock shears 19 depend on the surface roughness of the cracks, the aggregate type and the displacements across 20 the cracks (Taylor 1974) . 21 
-9-
The fundamental model for aggregate interlock 1 Walraven developed a model for aggregate interlock (Walraven 1980; 1981a; Walraven 2 1981b ) in which concrete is taken as a two-phase material consisting of stiff aggregate particles 3 embedded in an ideally-plastic matrix. Measurements on beams had shown that cracks do not 4 open to their final width and subsequently shear, but open and shear simultaneously. Therefore, 5 both the shear stress and normal stress have to be taken into account as essential components. 6
Assuming that the irregular faces of the crack can be deformed, both the shear stress τ and the 7 normal stress σ are functions of the crack width w and the shear displacement Δ. 8 Walraven's fundamental model for aggregate interlock (Walraven 1981b ) is based on a 9 statistical analysis of the crack structure and the contact areas between the crack faces as a 10 function of the displacements, w and Δ, and the composition of the concrete mix. Two 11 fundamental modes of behavior characterize the aggregate interlock: sliding at the contact area 12 between particles and matrix at opposite sides of the crack ("overriding') and irreversible 13 deformation of the matrix by a high contact stress. 14 Considering concrete as a combination of a matrix and aggregate particles, and taking 15 into account that the size of the particles is considerably greater than the crack width, the micro-16 roughness of the crack (aggregate particles projecting from the crack plane) is seen as dominant 17 with respect to the macro-roughness (the overall undulations of the crack plane). The micro-18 roughness and the particles that protrude from a surface are shown in Fig. 5 . The contact surface 19 of the particles with particles from the other side of the crack is highlighted in grey. 20 Initially, the contact areas tend to slide, so that the contact area is reduced. This leads to 21 high contact stresses, resulting in plastic deformations until in x-and y-direction equilibrium of 22 -10-forces is obtained. On the contact area, the stresses are resolved into a stress normal to the 1 contact area σ pu and tangential τ pu (Fig. 6) . 2 A rigid-plastic stress-strain relation for the matrix is used, since it is expected that the 3 plastic deformation will be significantly larger than the elastic deformation. 4
To find the contact areas in the x-and y-direction for a unit crack area as a function of the 5 displacements between both crack faces, the size distribution of the aggregates is studied. The 6 size of the aggregates determines the probability density function of the number of intersection 7 circles with a given diameter from the protruding aggregates that intersect the studied unit crack 8 length. Once this function is described, the intersection circles modeling the protruding 9
aggregates from both sides of the crack surface can be studied. The contact area of the circles 10 from both sides then defines the contact area between the crack faces. 11
Experimental results from push-off tests were used to determine the matrix yielding stress 12 
In all experiments, the crack opening path was influenced by the external restraint 2 stiffness. For a larger restraint stiffness, the crack opening path becomes stiffer. 3
For reinforced concrete, the mechanism works in a similar way (Walraven 1981a ). The 4 restraining force is now provided by the reinforcement and depends on the bond between 5 reinforcement and concrete and on the yield strength. It was observed experimentally that the 6 crack opening path does not seem to be significantly influenced by the reinforcement ratio. Eq. (4) is based on the assumption that all flexural reinforcement in a cross-section provides a 14 clamping force on the crack. In the case of axial tension on the cross-section, the clamping action 15 of the reinforcement will be reduced by this tension. In the case of flexure, both internal tension 16 (reducing the clamping force) and compression (increasing the clamping force) will occur, and 17 the effect will be smaller than when significant axial tension is present on the cross-section. 18 Therefore, in the following analysis, only the effect of axial tension on the clamping force is 19
considered. 20 -12-
Contribution of aggregate interlock to the shear capacity 1
An overview of the contribution of aggregate interlock to the total shear capacity at 2 failure as reported in the literature is given in Table 2 . The results of Hamadi and Regan (1980) 3 show that the aggregate interlock capacity depends on the type of aggregates used: weaker 4 aggregates will result in a lower relative contribution of aggregate interlock to the total shear 5 capacity. The aggregates used in the bridge under study were gravel aggregates from rivers Since the cracks in the bridge are being monitored, the next question was at which crack 7 width measured during inspection of span RQ, the traffic loads on the bridge should be further 8 restricted to only pedestrians and bikes. The maximum crack width at bending failure is 9 determined from the ultimate strain in the reinforcement. The strain in the elastic range is 10 neglected (conservative assumption). A strain at failure of 5%, the limit from the Guidelines 11
Existing Bridges (Rijkswaterstaat 2013), over a length equal to 5 times the diameter (A5 value 12 from Dutch certification (OVBS-Benor 2013)) results in a crack width of 3.5 mm for a bar with 13 diameter 14 mm. Because the existing crack was injected and the support is jacked, the capacity 14 of the bridge deck has been partially restored to its original state. However, part of the plastic 15 deformation capacity of the yielding reinforcement has already been used. It is then conservative 16 to limit the maximum crack width to half of the calculated value: 1.8 mm ≈ 2 mm. 17
Cracks over full depth
18
To find a relation between the crack width w and the aggregate interlock capacity, an 19 conservative to assume that the crack width measured at the bottom of the slab is the maximum 7 crack width, since the crack width will be smaller at the top of the section (as explained earlier) 8 and hence the average crack width in the section will be smaller. A larger crack width is 9 conservative because less particles protruding from the crack faces will make contact, resulting 10 in a lower aggregate interlock capacity. Moreover, the crack width on the bottom is the only 11 crack width of the cross-section that can be measured because of the asphalt layer on the top 12 surface. 13 The relation between the shear capacity V u_unr and the crack width w was used to find the 14 crack width at which the shear capacity V u_unr of the section with a through crack becomes 15 smaller than the shear capacity V NEN6720 of the section without a through crack according to NEN 16 6720:1995 (NEN Committee 351001 1995). Based on the graphs that show the relation between 17 crack width and crack slip from Walraven (Walraven 1981a) , it is assumed that for normal 18 strength concrete with a maximum aggregate size of 32 mm the following relation between the 19 crack width w and the shear displacement Δ can be used: 20
For an unreinforced section, it was found that at 1.3 mm crack width (Fig. 7a) the 22 aggregate interlock capacity V u_unr is fully lost and that at a crack width of 1.2 mm (Fig. 7a) the 23 -16-shear capacity V u_unr (Equation 9) of the section with a through crack becomes smaller than the 1 shear capacity V NEN6720 (Equation 7) of the section without a through crack. 2 A similar approach is followed for the axial load resulting from the normal stress on the 3 crack considered in the aggregate interlock theory. Since the steel bearings of the bridge deck are 4 rusted, it is conservatively assumed that these cannot allow any movement. Large axial forces 5 will result on the cross-section due to restrained deformation as a result of temperature changes. 6
To account for this restraint of deformation, the conservative assumption is made that the entire 7 concrete cross-section is subjected to tension. If the entire cross-section is in tension, a resulting 8 tensile force F tc (Eq. 12) can be calculated, based on the tensile strength from NEN 6720:1995 9
(NEN Committee 351001 1995) as given in Equation 13 . This tension force needs to be balanced 10 by the tension in the reinforcement steel, so that less tension force remains in the reinforcement 11 to apply a clamping force on the crack. If no tension occurs on the cross-section, the force F steel 12 At a crack width of 1.3 mm (Fig. 7b ) the axial force due to the restraint of deformation 22 In a next step, the influence of the restraint of deformation on the axial tensile capacity 4 N tension of the cross-section is studied. The axial tensile capacity needs to be studied along with 5 the aggregate interlock capacity (shear capacity), because it can be seen in Equations 2 and 3 that 6 both the shear and axial stresses occur when a crack opens and slips. The results are summarized 7 in Table 3 , in which N tension is the remaining axial capacity from aggregate interlock of the 8 cracked section and F tc is the axial tensile force on the cross-section from Equation 12. The 9 procedure for finding N tension is now explained. The horizontal equilibrium on the crack in the zone of the fictitious tension tie 19 encompasses the axial force N agg (Eq. 20) from aggregate interlock for a given crack width 20 w max,NEN3865 , the tension caused by the restraint of deformation, and the clamping force provided 21 by the steel reinforcement. As a result, the remaining capacity N tension available to resist the 22 -19-deformation results from subtracting N agg from the force in the top reinforcement assuming yield 1
Both the cross-section in the middle and at the side of the deck were checked. The 5 middle section, with a deck height of 530 mm, is governing; these values are shown in Table 3 . 6
For more than 71% of restraint, the equilibrium conditions are not met, and the external tension 7 on the cross-section will be larger than the internal resistance against tension. 8
The results in Table 3 show that it is important to know the amount of restraint of 9 deformation in the cross-section in order to be able to verify if the equilibrium conditions are 10 met. It also shows that a check of the axial forces is necessary for a shear problem when 11 analyzing based on aggregate interlock capacity. 12
Overview of maximum allowable crack widths
13
The maximum crack width allowed was determined to be 1 mm on average over the 14 entire width of the deck for a new through crack in span RQ. This value is determined based on 15 the calculations for the maximum crack width (Fig. 7) , which resulted in a maximum crack width 16 of 1.1 mm. This value has been rounded off to 1 mm. 17
For the repaired crack in span NM an increase in crack width of 0.5 mm is allowed. This 18 crack was repaired by injection with epoxy, so that internal compressive stresses in the cross-19 section develop. Because of these internal compressive stresses (compare this to the effect of 20 prestressing a cross-section), it is not expected that live loads will cause opening of the cracks. 21
Only other, unexpected causes, can result in an opening of these cracks. Therefore, an increase in To take away the cause of the restraint of deformations, it was advised to replace the 5 rusted steel bearings by elastomeric bearings. This option also ensures that the bridge can be 6 available to all traffic and that the service life can be extended. 7
To quantify the amount of restraint introduced onto the section, measurements of the 8 deformation in the joints and the temperature are proposed. These data would allow a more 9 precise estimate of the capacity of the cracked cross-section and a verification of the axial 10 equilibrium conditions. 11
12
Summary and Conclusions 13
The large structural capacity of the cracked concrete section studied in this case shows 14 that the residual capacity based on the aggregate interlock capacity of reinforced concrete slab 15 bridges with existing cracks is estimated to be significantly higher than the inclined cracking 16 load used by the design codes. Even for large tensile forces on the considered cross-section, the 17 aggregate interlock capacity remains high. 18
The axial equilibrium has to be verified as well, which in this case was not fulfilled for all 19 restraint levels because of the estimated tension forces on the cross-section. 20
Calculating the aggregate interlock capacity of a cracked section offers a practical and 21 easy-to-implement method to determine the residual bearing capacity of existing concrete 22 
